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DETAILED ACTION 

Applicants' amendment filed on 12/22/03 has been entered. 
New claims 33-46 are pending in the present application, and they are examined 
on the merits herein. 

Claim Rejections - 35 USC § 101 

35 U.S.C. 101 reads as follows: 

Whoever invents or discovers any new and useful process, machine, manufacture, or composition of 
matfer, or any new and useful improvement thereof, may obtain a patent therefor, subject to the 
conditions and requirements of this title. 

New claims 33-46 are rejected under 35 U.S.C. 101 because the claimed 
invention is not supported by either an asserted utility which is specific and 
substantial, or a well established utility, partially for the reasons already set forth in the 
previous Office Action mailed on 6/17/2003 (pages 3-5) and for the following new 
ground of rejection necessitated by Applicants' amendment. 

The invention is drawn to a construct targeting a mouse brain-specific 
membrane-anchored protein (BSMAP) gene; a method for producing the same targeting 
construct, a transgenic mouse whose genome comprises a disruption (both 
homozygous and heterozygous disruption) in the BSMAP gene as well as a cell or 
tissue obtained from the same transgenic mouse, a method for making the same 
transgenic mouse, and methods for identifying an agent that modulates prepulse 
inhibition and for identifying a potential therapeutic agent for the treatment of 
schizophrenia using a transgenic mouse comprising a homozygous disruption in 
endogenous mouse BSMAP gene. 
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The specification teaches by exemplification the preparation of a transgenic 
mouse whose genome comprises a homozygous disruption of the BSMAP gene, 
wherein the transgenic mouse displays supposedly a significantly increased 
Prepulsed inhibition , particularly with a 100 dB prepulse in comparison with the age- 
and gender matched wild-type control mouse (page 51, lines 29-31). However, upon 
examination of Figure 3, the only relevant data provided by the instant specification, the 
observed difference in Prepulsed inhibition between the transgenic mouse comprising a 
homozygous disruption of the BSMAP gene and the wild-type control mouse is 
aoparentiv not statistically significant (please note that the error bars of the Prepulse 
inhibition values for the control wild-type mouse extend to and include the mean 
Prepulse inhibition values for the transgenic knockout mouse). Therefore, there is no 
apparent significant difference or obvious difference in the phenotype between a wild- 
type control mouse and a transgenic mouse comprising a homozygous disruption of the 
BSMAP gene. It is noted that the Prepulse inhibition (PPI) test only reflects one 
component of the startle reflex response. Moreover, the instant specification teaches 
specifically that PPI can be modulated bv negative affective states like fear or stress 
(page 51, lines 19-20), and that the homozygous mutant mice have a stimulus 
processing phenotype opposite to that observed in schizophrenic patients (page 52, 
lines 1-2), all of which clearly indicate that the homozygous mutant mouse of the instant 
invention appears to be not an acceptable model of schizophrenia. Furthermore, while 
it is known that human schizophrenics display PPI deficit, several other distinctly 
different human disorders are also known to be characterized by PPI deficit, including 
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schizotypal personality disorder, Huntington's disease, DiGeorgeA/elocardiofacial 
syndrome (Geyer et al., Moi. Psychiatry 7:1039-1053, 2002), and that even in 2002 
there is still no gene or genes that have been confirmed as "schizophrenia genes". 
Therefore, how can any agent modulating a prepulse inhibition in the homozygous 
mutant mouse of the present invention be reasonably expected to be a potential 
therapeutic agent for the treatment of schizophrenia? 

At the effective filing date of the present application, little was known about the 
Dhvsiological role or function of the BSMAP oene . Elson et al. (Biochem. Biophys. Res. 
Commun. 264:55-62, 1999; IDS) have identified the BSMAP gene to be localized on 
human chromosome 19p12, and speculate that due its highly preferential expression in 
the brain the BSMAP may have a role in brain function. Elson et al. further state " We 
failed to identifv anv genetic disease implicating CNS function which have been mapped 
to this precise region of chromosome 19. " (page 55, col. 2, second last sentence). 
Because the defined function for the BSMAP or its gene is not known and is not taught 
in the specification, the invention has no utility which is specific and substantial at the 
effective filing date of the present apolication . The speculation that BSMAP may play a 
generic role in brain function or its gene disruption is somehow . associated with 
schizophrenia is not deemed to be a specific and substantial utility for the presently 
claimed invention. 

The specification asserts a variety of utilities for the claimed invention, including 
uses of the cell-and animal-based systems of the present invention as models for 
diseases, for identifying compounds that ameliorate disease symptoms, for production 
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of antibodies, for identifying agents tliat modulate the expression or the function of the 
BSMAP gene. However, such uses would require the determination of the physiological 
function or role of the BSMAP gene and its gene product, and In the absence of such 
guidance provided by the instant specification and in the prior art, they do not constitute 
a substantial utility at the effective filing date of the present application . A substantial 
utility is a utility that defines a "real world" use. Utilities which require further research to 
identify or confirm a real world use are not substantial utilities . 

For the reasons set forth above, a skilled artisan would not be able to use the 
presently claimed invention for any substantial purpose without further research and 
experimentation. 

Response to Arguments 

Applicant's arguments related to the above rejection in the Amendment filed 
12/22/03 (pages 5-6) have been fully considered, but they are not found persuasive. 

Applicant asserts that Applicant clearly disclosed in the instant application that a 
statistically significant difference was observed between the transgenic mouse and wild 
type mice. Applicant further argues that the presence of overlapping error bars does 
not necessarily establish or support a lack of statistical significance as asserted by 
Examiner. Applicant also argues that with respect to the new set of claims, prepulse 
inhibition, at the time of filing, was known in the art and taught by the instant 
specification to be associated with schizophrenia. Therefore, the transgenic mouse as 
claimed would be supported by a variety of utilities, such as, for example, the 
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investigation into and/or discovery of tlierapeutic agents related to scliizophrenia or as „ 
an animal model related to schizophrenia. 

Firstly, common sense would dictate that there is no apparent statistically 
significant difference between the PPI values observed after a 100 decibel prepulse for 
the homozygous mutant mouse and a wild-type mouse in Figure 3. The range of PPI 
values for both the homozygous mutant mouse and a wild-type mouse is overlapped as 
shown in Figure 3, This factual evidence is opposite to Applicant's assertion that there 
is a statistically significant difference in PPI responses observed between the transgenic 
mouse and wild type mice. Therefore, on the basis of the data presented in this 
application, it is reasonable to conclude that there is no significant difference in the 
phenotype between a wild-type control mouse and a transgenic mouse comprising a 
homozygous disruption of the BSMAP gene. 

Secondly, while it is known that human schizophrenics display PPI deficit, 
several other distinctiy different hunnan disorders are also known to be characterized by 
PPI deficit, including schizotypal personality disorder, Huntington's disease, 
DiGeorgeA/elocardiofacial syndrome (Geyer et al., Mol. Psychiatry 7:1039-1053, 2002). 
Additionally, the instant specification teaches specifically that PPI can.be modulated by 
negative affective states like fear or stress (page 51, lines 19-20), and that the 
homozygous mutant mice have a stimulus processing phenotype opposite to that 
observed in schizophrenic patients (page 52, lines 1-2). Moreover, there is still no gene 
or genes that have been confirmed as "schizophrenia genes" in 2002, let alone at the 
effective filing date of the present application (Geyer et al., Mol. Psychiatry 7:1039- 
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1053, 2002). Furthermore, nothing was known about the physiological role or function 
of the BSMAP gene , and that Elson et al. (Biochem. Biophys. Res. Commun. 264:55- 
62, 1999; IDS) also state " We failed to identify any genetic disease implicating CNS 
function which have been mapped to this precise region of chromosome 19" (page 55, 
col. 2, second last sentence) in reference to the location of human BSMAP on human 
chromosome 19p12. Thus, at the effective filing date of the present application it is not 
clear what is the significance of the data reported in Figure 3, and that the homozygous 
transgenic mouse of the present invention has anything to do with schizophrenia. 

Accordingly, the speculation that BSMAP may play a generic role in brain 
function or its gene disruption is somehow associated with schizophrenia is not deemed 
to be a specific and substantial utility for the presently claimed invention. Therefore, 
new claims 33-46 are rejected under 35 U.S.C. 101 for the reasons set forth above. 

Claim Rejections - 35 USC §112 

The following is a quotation of the first paragraph of 35 U.S.C. 112: 

The specificatton shall contain a written description of the invention, and of the manner and process of 
making and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the 
art to which it pertains, or with which it is most nearly connected, to make and use the same and shall 
set forth the best mode contemplated by the Inventor of carrying out his invention 

New claims 33-46 are rejected under 35 U.S.C. 112, first paragraph. Because 
the claimed invention is not supported by either a specific and substantial asserted 
utilitv or a well-established utility for the reasons set forth above under 35 U.S.C. 101, 
one skilled in the art would not know how to use the claimed invention at the effective 
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The specification is not enabled for the present claimed invention in part for the 
same reasons already set forth in the previous Office Action mailed on 6/17/03 (pages 
6-10), and for the following reasons directly to the new claims. 

(1) The breadth of the claims . The instant claims are drawn to a construct 
targeting a mouse brain-specific membrane-anchored protein (BSMAP) gene; a method 
for producing the same targeting construct, a transgenic mouse whose genome 
comprises a disruption (both homozygous and heterozygous disruption) in the BSMAP 
gene as well as a cell or tissue obtained from the same transgenic mouse, a method for 
making the same transgenic mouse, and methods for identifying an agent that 
modulates prepulse inhibition and for identifying a potential therapeutic agent for the 
treatment of schizophrenia using a transgenic mouse comprising a homozygous 
disruption in endogenous mouse BSMAP gene. 

(2) The state and unpredictability of the prior art . At the effective filing date of the 
present application. Elson et al. (Biochem. Biophys. Res. Commun. 264:55-62, 1999; 
IDS) have identified the BSMAP gene to be localized on human chromosome 19p12, 
and speculate that due its highly preferential expression in the brain the BSMAP may 
have a role in brain function. Elson et al. further state "We failed to identify any genetic 
disease implicating CNS function which have been mapped to this precise region of 
chromosome 19." (page 55, col. 2, second last sentence). In effect, little was known 
about the physiological role or function for BSMAP gene and its gene product. 
Additionally, even several years after the effective filing date of the present application 
(12/13/2000), there is still no gene or genes that have been confirmed as "schizophrenia 
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genes". Furthermore, while it is known that human schizophrenics display PPI deficit, 
several other distinctly different human disorders are also known to be characterized by 
PPI deficit, including schizotypal personality disorder, Huntington's disease, 
DiGeorgeA/elocardiofacial syndrome (Geyer et al., Mol. Psychiatry 7:1039-1053, 2002). 

(3) The amount of direction or guidance provided . Apart from the disclosure of a 
transgenic mouse whose genome comprises a homozygous disruption of the BSMAP 
gene , exhibiting an increased Prepulsed inhibition with a 100 dB prepulse that is not 
statistically significant (see Figure 3) in comparison with the age- and gender matched 
wild-type control mouse, the specification fails to provide sufficient guidance for a skilled 
artisan on how to use such homozygous mutant mice . On the basis of the instant 
disclosure, it is not clear what is the significance of the non-statistical difference in the 
PPI responses observed for the homozygous mutant mouse and a wild type mouse. It 
is noted that the Prepulse inhibition test only reflects one component of the startle 
reflex, and it is not a representative test for evaluating stimulus processing abnormality 
in general. While it is known that human schizophrenics display PPI deficit, several 
other distinctiy different human disorders are also known to be characterized by PPI 
deficit, including schizotypal personality disorder, Huntington's disease, 
DiGeorgeA/elocardiofadal syndrome (Geyer et al., Mol. Psychiatry 7:1039-1053, 2002). 
Additionally, the instant specification teaches specifically that PPI can be modulated bv 
negative affective states like fear or stress (page 51, lines 19-20), and that the 
homozygous mutant mice have a stimulus processing phenotype opposite to that 
observed in schizophrenic patients (page 52, lines 1-2). Moreover, there is still no gene 
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or genes that have been confirmed as "schizophrenia genes" in 2002, let alone at the 
effective filing date of the present application; and that nothino was known about the 
Dhvsioloaical role or function of the BSMAP aene or any genetic disease has been 
maooed to locus of the BSMAP gene (Elson et al.; Biochem. Biophys. Res. Commun. 
264:55-62, 1999). Therefore, how can any agent modulating a prepulse inhibition in the 
homozygous mutant mouse of the present invention be reasonably expected to be a 
potential therapeutic agent for the treatment of schizophrenia? 

It is also unclear on the basis of the present disclosure, how can one use a 
transgenic mouse comprising a heterologous disruption of the BSMAP gene without any 
phenotype distinguishable from a wild-type mouse? Similarly, it is unclear how cells 
obtained from any transgenic mouse of the presently claimed invention that do not 
possess any phenotype can be used and for what purposes. As enablement requires 
the specification to teach how to make and use the claimed invention, given the lack of 
sufficient guidance provided by the present application and in light of the state of the 
relevant prior art as discussed above, it would have required undue experimentation for 
a skilled artisan to make and use the instant claims. 

Response to Arguments 

Applicant's arguments related to the above rejection in the Amendment filed 
12/22/03 (pages 7-8) have been fully considered, but they are not found persuasive. 

Applicant relies on the same arguments in response to the utility rejection under 
35 U.S.C. 101 for overcoming the rejection under 35 U.S.C. 1 12, First Paragraph. With 
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respect to the new set of claims, Applicant asserts that one skilled in the art would be 
able to make and use the presently claimed invention. 

Applicant's arguments in response to the utility rejection are not found persuasive 
for the reasons already set forth in the above Response to Arguments. Additionally. 
Examiner maintains that based on the analysis of the Wands factors already discussed 
at length above, an ordinary skilled artisan would still not know how to use the presently 
claimed invention. 

Therefore, new claims 33-46 are rejected under 35 U.S.C. 112. first paragraph, 
for the reasons set forth above. 

The following is a quotation of the second paragraph of 35 U.S.C. 112: 

The specrfication shall conclude with one or more claims particularly pointing out^ and distinctly 
claiming the subject matter which the applicant regards as his invention. 

Claim 46 is rejected under 35 U.S.C. 112, second paragraph, as being indefinite 
for failing to particularly point out and distinctly claim the subject matter which applicant 
regards as the invention. This is a new ground of rejection necessitated by 
Applicants' amendment. 

Claim 46 is indefinite because there is no connection between the step of 
determining whether the potential therapeutic agent modulates prepulse inhibition in the 
transgenic mouse with modulation of seizure susceptibility. Is there a separate step for 
determining seizure susceptibility? As written, the metes and bounds of the claim are 
not clearly determined. 
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Conclusions 



No claims are allowed. 

Applicant's annenclnnent necessitated the new ground(s) of rejection presented in 
this Office action. Accordingly, THIS ACTION IS MADE FINAL. See MPEP 
§ 706.07(a). Applicant Is reminded of the extension of time policy as set forth in 37 
CFR 1.136(a). 

A shortened statutory period for reply to this final action is set to expire THREE 

MONTHS from the mailing date of this action. In the event a first reply is filed within 

TWO MONTHS of the mailing date of this final action and the advisory action is not 

mailed until after the end of the THREE-MONTH shortened statutory period, then the 

shortened statutory period will expire on the date the advisory action is mailed, and any 

extension fee pursuant to 37 CFR 1.136(a) will be calculated from the mailing date of 

the advisory action. In no event, however, will the statutory period for reply expire later 

than SIX MONTHS from the date of this final action. 

Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Quang Nguyen, Ph.D., whose telephone number is 
(571)272-0776. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
mentor, David Guzo, Ph.D., may be reached at (571) 272-0767, or SPE, Irem Yucel. 
Ph.D., at (571) 272-0781. 

To aid In correlating any papers for this application, all further 
correspondence regarding this application should be directed to Group Art Unit 
1636; Central Fax No. (703) 872-9306. 



Quang Nguyen, Ph.D. 
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REVIEW 



Mouse genetic models for prepulse inhibition: an early 
review 

MA Geyer\ KL Mcllwain^'^ and R Paylor^-^ 

^Department of Psychiatry, University of Caiifornia San Diego, La Jolla, CA, USA; ^Department of Molecuiar and Human 
GeneticSs Baylor College of Medicine, Houston, TX, USA; ^Division of Neuroscience, Baylor College of Medicine, Houston, 
TX, USA 

Prepulse inhibition (PPI) is the phenomenon in which a weal( prepulse stimulus attenuates 
the response to a subsequent startling stimulus. Patients with schizophrenia and some other 
neuropsychiatric disorders have impaired PPI. Impaired PPI in these patient populations is 
thought to reflect dysfunctional sensorimotor gating mechanisms. Recently, various Inbred 
mouse strains and genetically modified mouse lines have been examined to investigate the 
potential genetic basis of sensorimotor gating. This review provides a synopsis of the use of 
mouse models to explore genetic and neurochemical influences on PPI. Studies describing 
the PPI responses of various inbred strains of mice, mice with genetic mutations, and mice 
treated with various drugs prior to July 2001 are reviewed. The continuous nature of the distri- 
bution of PPI responses among Inbred strains of mice indicates that PPI is a polygenic trait. 
Findings from spontaneous and gene-targeted mutants suggest that mutant mice are 
important tools for dissecting and studying the role of single genes and their products, and 
chromosomal regions in regulating PPL Pharmacological studies of PPI have typically con- 
firmed effects in mice that are similar to those reported previously In rats, with some important 
exceptions. The use of mice to study PPI is increasing at a dramatic rate and is helping to 
increase our understanding of the biological basis for sensorimotor gating. 
Molecular Psychiatry (2002) 7, 1039-1053. doi:10.1038/sj.mp.4001159 

Keywords: prepulse inhibition; knockout mice; transgenic mice; startle; schizophrenia 



Introduction 

The startle response is defined as an uncoiiditioned 
reflexive response to a sudden environmental stimulus. 
Plasticity of the startle response is evident in para- 
digms such as prepulse inhibition (PPI) and habitu- 
ation. PPI is the phenomenon in which a weak pre- 
stimulus or prepulse suppresses the response to a 
subsequent startiing stimulus. As reviewed else- 
where,*^ many studies have shown that patients with 
schizophrenia^ and schizotypal personality disorder' 
have impaired PPL The PPI impairment observed in 
schizophrenia patients is thought to reflect an underly- 
ing problem with inhibitory mechanisms in neuronal 
circuitry used for sensorimotor gating.^ Abnormal PPI 
has also been observed in other neuropsychiatric popu- 
lations including obsessive-compulsive disorder' and 
Huntington's disease." For more details regarding the 
human studies of prepulse inhibition the reader is 
referred to a recent review by Braff et aL^ PPI is highly 
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conserved among vertebrates, and is one of the few 
paradigms in which humans and rodents are tested in 
similar fashions. Thus, PPI has quickly become the test 
of choice for scientists developing rodent models to 
study sensorimotor gating deficits.^*®-^^ 

Until recently, the rat has been the predominant 
species used for studying the neurobiology of PPL 
Although key neuroanatomical and neuropharmacol- 
ogical influences on PPI have been identified using 
rats,'^'^^ the mouse has quickly gained in popularity for 
studying the genetic basis of sensorimotor gating using 
the PPI paradigm. Here we review the findings from 
three major areas of research that utilize mouse genetic 
models to begin to identify and understand the genes 
that regulate PPI. First, findings from studies using 
various inbred strains of mice have been critical to 
establish that PPI is a polygenic trait, that various back- 
ground strains may be more useful for targeted and ran- 
dom mutagenesis studies of PPI, and that differences 
in basal sensory function are important determinants 
of the PPI response. Second, we describe the mutant 
strains that have been used to study the roles of genes 
that regulate PPI. Third, the pharmacology of PPI in 
mice is presented and we conclude v^dth a brief dis- 
cussion of the fiiture directions. 



Mouse PPI 

MA Geyer et al 



Inbred strain studies 

Willott et al^^ published the first report describing dif- 
ferences in PPI among inbred strains of mice. There 
were at least three important findings from this initial 
paper. First, mice could be used to study the PPI 
response. Second, parameters could be used to show a 
relationship between known hearing abnormalities and 
levels of PPI (see discussion below regarding this 
issue). Third, the differences in PPI between strains 
suggests that it may be possible to use mice to study 
the genetic basis of PPL A recent liook 'Handbook of 
Mouse Auditory Research. From Behavior to Molecular 
Biology edited by VVillott^^ is an excellent resource for 
the interested reader in topics such as audiology,"^^ tiie 
peripheraP^ and central auditory systems,^^ hearing 
loss in mice,^® and other characteristics of the startle 
response. 

Recently, three independent papers were published 
that confirmed and extended the observation that large 
differences exist in levels of PPI among inbred strains 
of mice. Bullock et al^° evaluated the PPI responses of 
eight inbred strains of mice, Logue et al^^ evaluated 13 
inbred strains and seven Fl h^feids for PPI, and Paylor 
and Crawley^*^ tested PPI in 13 inbred strains of mice. 
Although there are sul)tle differences in the results 
between these studies, there are some very remarkable 
similarities. Each study clearly showed that the acous- 
tic startle response and PPI are continuously distrib- 
uted traits among inbred strains of mice. This obser- 
vation is important because it confirms the earlier 
finding by Willott, that PPI is a polygenic trait. 
Because the trait is polygenic, quantitative trait loci 
mapping strategies have been initiated in an attempt 
to identify chromosomal regions that influence the PPI 
response. Hitzemann et aF'^ recently provided the first 
set of data indicating that QTL mapping stiategies may 
indeed provide insight into the genetic basis of PPI 
using mice. Briefly, Hitzemann and colleagues^"^ found 
significant QTLs using the combined analyses of BXD 
(ie C57BL/6X DBA/2) recombinant inbred lines and 
from BXD F2 intercross for PPI on mouse chromosome 
5 and 11. Other investigators are also performing QTL 
analyses using different inbred lines of mice which 
will provide interesting data when combined with the 
findings from Hitzemann et a/;^^ however, these studies 
are still in progress and the findings have not been pub- 
lished. 

Another important finding that was common among 
the three studies is that overall levels of PPI are not 
correlated with the baseline startle response.^® This lat- 
ter observation indicates that startle reactivity and PPI 
are dissociated, which has been found in a wide variety 
of studies using rats.^-^^ Finally, the strain distribution 
patterns for PPI from these studies may have impli- 
cations for other genetic studies using mutant mice. For 
example, if an investigator is plajming to generate a 
mouse with a specific targeted mutation or a transgenic 
insertion, it may be important to con.sider the genetic 
background on which the mutation is to be engin- 
eered.-^ 

The findings by Willott et a/^^ highlight the concern 



regarding the influence or confound of hearing impair- 
ments when assessing levels of PPL Willott and col- 
leagues have shown with several inbred mouse lines 
that there can be a relationship between levels of PPI 
and hearing impairments. There are several strains of 
mice that develop high frequency hearing loss as they 
mature (ie DBA/2 and C57BL/6). Therefore, the major 
concern regarding the influence of hearing impair- 
ments on PPI is most relevant when pure tones or high 
frequency stimuli are used. Hence, one must be cau- 
tious when choosing the type of auditory stimuli for 
PPI studies. Importantly, each of the three studies 
listed above used broad-band white noise as the acous- 
tic stimuli, and studied mice that were 'young* (ie 2- 
3 months of age). Therefore, their findings are less 
likely to influenced by basal differences in hearing. 

Lastly, studies with inbred strains of mice have 
shown that there are developmental changes in levels 
of PPL Some strains of mice — such as C57BL/6 — 
demonstrate a dramatic and abrupt increase in levels 
of PPI as the mice mature.^^ This increase in PPI 
appears to be related at least in part to developmental 
changes in high-frequency heanng loss. Therefore, the 
age of a test subject is another important consideration 
when using mice to study the genetics and/or neurobi- 
ology of PPL 

Mutants 

The molecular techniques to generate mice with spe- 
cific targeted mutations have provided scientists with 
the tools to dissect and understand the roles of genes 
and their products involved in central nervous system 
(CNS) function, A detailed description of how mutant 
mice are generated is beyond the scope of this review. 
The interested reader is referred to one of the several 
papers, chapters, or books describing the molecular 
techniques used to generate mutant mice,^^ 

Four types of mutant mice have been used in PPI 
studies — mice carrying deletions of single genes, 
deletions of whole chromosomal regions, genetic inser- 
tions, and those with spontiineous mutations. Most of 
the mutant mice used in PPI studies are standard 
knockout mutations in which a single gene has been 
altered using homologous recombination leading to the 
absence of the protein product made by that gene. The 
PPI response of several spontaneous mutant hnes has 
also been evaluated. Mice \Anth transgenic insertions of 
human genes have also been studied. Finally, mutant 
mice with chromosomal deletions, which include mul- 
tiple genes, have been generated and tested for levels 
of PPL The various types of mutant mice have been 
used in studies of PPI for several reasons, including 
testing h^qiotheses about specific receptor proteins, 
modeling human genetic disorders, and identifying 
new candidate genes regulating sensorimotor gating. 
The following sections describe the various lines of 
mutant mice that have been used in studies with PPL 
The findings obtained from these experiments clearly 
demonstrate that mutant mice can be a powerfiil tool 
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to study the role of genes and other cellular signaling 
events in sensorimotor gating. 

Hypothesis testing 

Several lines of knockout mutant mice have been used 
to test specific hypotheses about the role of particular 
neurotransmitter receptor proteins in PPI. In several of 
the studies using receptor-specific deficient mutant 
mice, the effects of different drugs on PPI have also 
been evaluated. The findings from these studies have 
provided critical information about the role of specific 
receptors in regulating basal PPI in addition to the role 
of receptor subunits in regulating the effects of differ- 
ent dmgs on PPI. • 

Serotonin receptors Pharmacological evidence from 
two different 5-HT receptor deficient mice have been 
generated and used to test the hypothesis that sero- 
tonergic receptor-mediated processes regulate sensori- 
motor gating. Dulawa, Geyer, and colleagues^^ reported 
that 5-HTlB-deficient mice exhibit small increases in 
PPI, that were significant with prepulse intensities that 
were 4 dB above background in females. Two other 
papers by the Geyer laboiatory also reported small 
increases in 5-HTlB -deficient mice that were not stat- 
istically reliable. Although they are not large effects, it 
appears that the majority of data indicate that female 
5-HTlB-deficient mice have slightly increased PPI. It 
is interesting to note that the increase in PPI reported 
for the 5-HTlB-deficient mice appears to be gender 
dependent. Both Dulawa^^ and Dirks^^ have shown that 
male 5-HTlB-deficient mice have normal levels of PPI. 
The fact that 5-HTlB-deficient mice have increased PPI 
suggests that activation of tlxis serotonin receptor sub- 
type acts to decrease the processes underlying tlie 
PPI response. 

The Geyer laboratory has also studied the PPI 
response in mice deficient in 5-HTlA receptors.^'''^^ In 
contrast to tlie slight, but significant increase in PPI 
seen in female 5-HTlB-deficient mice, the PPI response 
is normal in female^^ and male^ 5-HTlA-deficient 
mice. This negative result does not mean that 5-HTlA 
receptors are not involved in PPL As discussed below, 
the data from pharmacological studies support a role 
for the 5-HT1A receptors in regulating PPI. 

Data from knockout mice and pharmacology in nor- 
mal mice (see below) support the hypothesis that 5-HT 
receptors regulate the PPI response. Further support for 
this hypothesis comes from experiments that combine 
the use of drugs that act at 5-HTlA and 5-HTlB sites 
and mice that are deficient in the 5-HTlB receptors. In 
a study by Dulawa et al/"^ wild-type 5-HTlA and 5- 
HTlB-deficient mice were given either saline, the 5- 
HT1A/1B agonist RU24969, or the 5-HTlA agoni.st 8- 
OH-DPAT. In addition, the effects of the 5-HTlB agon- 
ist anpirtoline on PPI was tested in wnld-type and 5- 
HTlB-deficient mice. The effect of anpirtoline on PPI 
in the 5-HTlA-deficient mice was not tested. The 
results from these experiments showed that RU24969 
impaired PPI in wild-type and 5-HTlA-deficient mice, 
but had no effect on 5-HT IB -deficient mice. 8-OH- 



DPAT increased PPI in vdld-type mice (also see below) 
and 5-HTlB-deficient mice, but had no effect on 5- 
HTlA-deficient mice. Anpirtoline impaired PPI in 
wild-type mice, but had no effect on 5-HTlB-deficient 
mice. Finally, in a separate study, Dulawa ef aP^ 
showed that both MDMA and MBDB, which are sero- 
tonin releasing agents, increased PPI in 5-HTlB- 
deficient but not wild-type mice. Taken together, the 
data from the 5-HTlA- and 5-HTlB -deficient mice, 
plus the effects of different drugs in these mutant lines, 
suggest that 5-HTlB receptor activation leads to a 
reduction in the PPI response and activation of 5-HTl A 
receptors increases PPI in mice.^^*^^"^^ 

Dopamine receptors Overactivity of the dopami- 
nergic system has been hypothesized to contribute to 
aspects of schizophrenia. In rodent models, dopamine 
has been shown to regulate sensorimotor gating.^®-^^ 
Pharmacological studies in rats (reviewed in Ref 9) and 
mice (see below) indicate that the D2 receptor family 
(ie D2, D3, and D4 subtypes) appears to play a key role 
in mediating the effect of dopamine on PPI. In rats, 
much of the evidence for this conclusion derived from 
studies showing that D2~family dopamine antagonists 
block the effects of dopamine agonists on PPI. How- 
ever, the pharmacological tools available were not suf- 
ficiently selective to determine which of the D2 family 
of receptors was most critical in this regard. The avail- 
abihty of knockout mice for the D2, D3, and D4 recep- 
tor subtypes enabled a more definitive test of the 
hypothesis that the D2 subtype was specifically 
involved. Thus, Ralph, Geyer, and colleagues^^ tested 
the effects of the dopamine releaser amphetamine, 
which should indirectly activate all dopamine recep- 
tors, on PPI in knockout mice for each of these receptor 
subtypes. Amphetamine was effective in disiupting 
PPI in all three wild-type tines and in both D3 and D4 
knockout mice. In contrast, amphetamine had no effect 
on PPI in the mice lacking only the D2 receptor sub- 
type, confirming the hypothesis. Further support for 
this conclusion comes fi'om preliminary evidence indi- 
cating that the effects of amphetamine on PPI are nor- 
mal in Dl knockout mice (Geyer, Ralph, and Low, 
unpubhshed observations). The role for dopamine and 
the D2 receptor in PPI has recently received additional 
support using mutant mice that are deficient in the 
dopamine transporter (DAT). Ralph et aP^ found that 
DAT-deficient mice have impaired PPL In addition, 
they showed that the D2-family antagonist raclopride 
increased PPI in DAT-deficient mice while having no 
effect in wild-type mice. In contrast, the Dl-family 
antagonist SCH23390 did not alter the PPI response in 
DAT-deficient mice. These findings confirm and 
extend the rat pharmacological studies supporting a 
role for the D2, but not Dl receptor in regulating sen- 
soi-imotor gating. 

Adrenergic receptors There are three subtypes of the 
alpha2-adrenoreceptors that are encoded by three 
genes. These receptors mediate many of the effects of 
norepinephrine (NE) in the GNS. In addition, these 
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receptors can regulate the release of NE, 5-HT, and DA. 
The alpha 2c subtype is expressed primarily in the 
CNS, and is particularly high in striatum and hippo- 
campus.^'' The alpha2-adrenoreceptors have modu- 
latory roles in several neuropsychiatric disorders 
including schizophrenia and depression. ^^"^^ To deter- 
mine if alpha2c-adrenoreceptors regulate processes 
underlying sensorimotor gating, Sallinen et aP^ evalu- 
ated PPI levels in alphaZc-deficient mice. In addition, 
PPI levels in mice v^dth tissue-specific overexpression 
of the alpha2c subtype were examined. The results 
from these experiments clearly showed that the 
alpba2c-deticient mice had impaired PPI, while mice 
Qverexpressing the alpha2c subtype had significantly 
higher levels of PPI. These findings implicate a role for 
the alpha2c subtype in sensorimotor gating. In 
addition, Sallinen et aP^ showed that drugs that act in 
a nonselective manner at the alpba2 site attenuate the 
increased PPI response in the alpha 2c-overexpressing 
mice. Taken together, the results from the alpha2c 
knockout and overexpressing mice and the pharmaco- 
logical treatment of the overexpressing mice support a 
role for the alpha 2c-adrenoreceptor in regulating sen- 
sorimotor gating. 7'here are two caveats to this study 
that one should keep hi mind. First, the a]pha2c 
mutant mice also have alterations in dopamine and 
serotonin metabolism. Therefore, some of the effects on 
PPI could be related to these changes.^^ Second, in 
their first experiment, the alpha2c-deficient mice 
showed impaired PPT. However, in subsequent studies 
the alpha 2c-delicient mice that received a drug vehicle 
injection did not show impaired PPT. Therefore, it is 
not clear if the impaired PPI seen in alpha2c~deficient 
mice is a reliable effect. It is clear that the alpha2c- 
overexpressing mice routinely have increased PPI 
because it was seen in all the experiments presented 
in the paper by Sallinen et ai^^ 

Nicotine receptors There are several lines of evidence 
that are suggestive of a role for the alpha? nicotinic 
acetylcholine receptor (nAChR) subtype in sensori- 
motor gating. First, in the auditory event-related-poten- 
tial paradigm that assesses sensory rather than sensori- 
motor gating nicotine increases sensory gating, in both 
animals and humans. There is some evidence for 
similar nicotine effects in die PPI model of sensori- 
motor gating.^^-'*^''*^ Second, intraventricular injections 
of alpha-bungarotoxin (alpha-BTX), which binds with 
high affinity to the alpha/ nAChR, disrupt hippocam- 
pal sensory gating.'^^ Third, there is a significant corre- 
lation between levels of sensory gating of auditory- 
evoked potentials and alpha-BTX binding in the hippo- 
campus among inbred strains of mice.'*^ Similarly, 
there is a correlation between levels of PPI and alpha- 
BTX.^^ Finally, Freedman et aP'^ showed that sensory 
gating differences associated with schizophrenia^*'^"-^^ 
show linkage to human chromosome 15 in a region 
near the alpha? locus. Taken together, these and 
related findings provided evidence for the hypothesis 
that there is a relationship between sensory and per- 
haps sensorimotor gating and the alpha? nAChR. 



Paylor et aP^ used alpha 7-nAChR-deficient mice to 
test the hypothesis that alpha? nAChR are required for 
normal PPL The alpha-? nAChR mutant mice were cre- 
ated using standard homologous recombination stra- 
tegies.^^ In contrast to the a priori predictions based 
primarily on the auditory sensory gating paradigm, the 
findings from this study did not support the hypothesis 
with respect to sensorimotor gating as measured by 
PPI. Indeed, alpha7-deficient mice displayed similar 
levels of PPI as their v\dld-type littermates.^^ These 
findings are important because: (1) they suggest that an 
animal does not need alpha? nAChR to show normal 
PPI; and (2) they demonstrate the utility of knockout 
mice for testing specific hypotheses. It is also interest- 
ing to note that Oliviei: et aP^ recently found that anti- 
psychotic drugs such as clozapine increase PPI in mice, 
but drugs that are alpha?-nAChR agonists produced no 
significant increase in PPI in mice. These pharmaco- 
logical findings support the data from the knockout 
mice which suggest that alpha? nAChR may not regu- 
late PPI. Research is currently underway to continue 
to test the hypothesis by crossing the alplia? nAChR- 
deficient mice into multiple genetic backgrounds. 
These findings also raise the important point that sen- 
sory gating, as measured by the event-related potential 
paradigm, and sensorimotor gating, as measured by PPI 
of startle, may not be redundant measures of the same 
process, as discussed elsewhere.^^ Indeed, recent stud- 
ies in schizotypal patients indicate that most patients 
have deficits in either sensory gating or sensorimotor 
gating, but not in both measures.^® Hence, it will be 
critical to assess sensory gating measures in the alpha? 
nAChR-deficient mice. 

Hippocanipa] and cortical development 
A key feature of several neuropsychiatric disorders 
including schizophrenia is a pathology of limbic and 
prefrontiil brain regions. Although the develop- 
mental time period when this pathology emerges 
remains unclear, some data support the hypothesis that 
some of the brain pathology occurs during early brain 
development. ^"^"^^ 

Findings from animal models suggest that ventral 
hippocampal-formation damage in rats in early life 
impairs brain function leading to several behavioral 
abnormalities including Impaired PPl.^^ Damage to the 
same brain region during adulthood does not impair 
basal PPI,^^'^^ but such adult lesions do appear to 
increase tiie sensitivity to the PPI-disruptive effects of 
apomorphine.^^ Together, these findings suggest that 
normal development of brain regions such as the hip- 
pocampus might be essential for normal sensorimotor 
gating. There are several single gene mutations in mice 
that lead to abnormal brain development,^® however, 
this review focuses on those mutations that lead to: (a) 
abnormal hippocampal development and (b) that have 
been te.sted for sensorimotor gating. 

Reelin and Reeler mutants Reelin is a large extra- 
cellular protein involved in neuronal migration. Reeler 
mutant mice, which were derived from a spontaneous 
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mutation, have alinormal neuronal migration leading 
to several topographical abnormalities in cortical 
regions, in the hippocampus and in hippocampal con- 
nections.^' In addition, there is degeneration of cer- 
ebellar Purkinje cells in Reeler mutant mice during 
adulthood.*^® Recent reports have shown that levels of 
reelin mRNA and protein are decreased in several bi-ain 
regions including prefrontal cortex, hippocampus, and 
cerebellum from schizophrenia patients. These find- 
ings indicate that down-regulation of reelin — together 
with glutamic acid decarboxylase 67 (GAD 67) — may 
contribute to the types of brain dysfunction that lead 
to the expression of certain neuropsychiatric con- 
ditions 7° 

Reeier mutant mice have been used to test the 
hypothesis tJhat decreased levels of reelin result in 
abnormal behavioral responses in mice that may be 
related to behavioral abnormalities observed in schizo- 
phrenia patients. Tueting et aF^ found that hetero- 
zygous Reeler mutant mice have an age-related 
decrease in PPI compared to wild-type controls. 
These intriguing findings are consistent with the 
hypothesis that levels of reelin may regulate sensori- 
motor gating. That Reeler mutant mice have impaired 
PPI is also consistent with the notion that abnormal 
brain development results in impaired sensorimotor 
gating. Then again, it is difficult to know if the 
impdred PPI in Reeler mutant mice is related to having 
low levels of reelin at the time of testing, and/or the 
result of abnormal brain development. The answer to 
this question will await studies using inducible 
mutant mice. 

Neural cell adhesion molecule Barbeau et aF^ 
reported a decreased expression of neural cell adhesion 
molecule (N-CAM) in brains of individuals with 
schizophrenia. N-CAM is an abundant cell surface 
receptor that is widely expressed in the GNS and plays 
a critical role in cell migration dunng GNS develop- 
ment. Although the olfactory bulb is the most notably 
disorganized brain structure in N-CAM-180 knockout 
mice, the hippocampus is also affected. The pyramidal 
cell layer of CA3 appears to be somewhat bifurcated 
and the cells are more dispersed in N-GAM-180 
deficient mice.''^ Given the suggested relationship 
between N-GAM expression and schizophrenia and a 
role for N-GAM in brain development, the PPI response 
in N-GAM deficient mice was studied. Wood et aF"^ 
showed that the levels of PPI of N-GAM-deficient mice 
were significantly lower than the control GF-1 inbred 
mice. Although it is not clear what brain abnormahty 
might underlie the PPI impairment, the findings are 
intriguing and suggest that the type of developmental 
abnormahties associated with N-CAM deficiency result 
in impaired sensorimotor gating. Unfortunately, in the 
study by Wood et al/"^ the responses of N-GAM knock- 
out mice were compared to GF-1 inbred mice and it is 
unclear how many generations the N-GAM mutant 
mice had been backcrossed prior to testing. Hence, 
some of the observed differences in PPI may be due to 
differences in genetic background. 



Lisl The findings from two other mutants described 
below, however, suggest that abnormal brain develop- 
ment and abnormal hippocampal development in 
particular, does not always lead to impaired PPI. 
Recently, the Paylor laboratory^^-^® had the opportunity 
to study the behavioral responses of two difterent 
mutant mice that have abnormal hippocampal devel- 
opment. Humans with hemizygous deletions of 
17pl3.3 have isolated lissencephaly sequence or 
Miller-Dieker syndrome. These disorders result from 
abnormal neurotial migration that causes the brain to 
develop with smooth surfaces (ie lissencephaly). Indi- 
viduals with lissencephaly have profound mental 
retardation and other neurological abnormalities. The 
gene'' for type 1 lissencephaly, LISl, is a platelet-activ- 
ating factor acetylhydrolase (PAFAH, isoform lb). The 
expression pattern of murine Lisl is consistent with its 
role in neuronal migration and development. To better 
understand the role of Lisl in neuronal migration and 
brain development, Lisl 1 mutant mice were created 
using standard homologous recombination.'® Lisl het- 
erozygous mutant mice have disorganized cortical and 
hippocampal brain regions. The behavioral responses 
of Lisl heterozygous mutant mice were characterized 
on a behavioral test battery that included assays for 
learning and memoiy and PPl.'^^ As expected, the 
results from these studies showed that the Lisl mutant 
mice had abnormal learning performance. In addition, 
the Lisl mutant mice have some ataxia and motor coor- 
dination impairments. However, their levels of PPI 
were not significantly different from the littermate con- 
trols. These findings suggest the type of abnormal brain 
development that is associated with Lisl-related neu- 
ronal migration defects does not lead to abnormal sen- 
sorimotor gating and that the expression of normal PPI 
does not require the abnormal brain development 

Lhx5 Lhx5 is a member of the LIM homeobox gene 
family that regulates development of the nervous sys- 
tem.'® Lhx5 is a gene that appears to be essential for 
normal hippocampal development. Adult mice gener- 
ated with a Lbx5 mutation have absent or disorganized 
hippocampal neuroanatomy,^^ yet remaining portions 
of the brain appear to be quite normal. To better under- 
stand the functional consequences of abnormal hippo- 
campal development, Lhxn mutaiit mice were evalu- 
ated on a battery of behavioral tests.'*^ Not surprisingly, 
Lhx5 mice had severe learning and memory impair- 
ments and exhibited some ataxia and motor coordi- 
nation impairments. However, somewhat to our sur- 
prise, Lhx5-deficient mice had normal levels of PPI 
compared to their wild-type controls. These findings, 
together with those from the Li si -deficient mice indi- 
cate that mice do not need to have normal hippocam- 
pal development to display normal sensorimotor 
gating. 

Mouse models of human diseases 
Although genetic linkage studies have mapped several 
different chromosomal regions for schizophrenia, there 
is still no gene or genes that have been confirmed as 
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'schizophrenia genes*. Therefore, it has been imposs- 
ible to evaluate PPI in a mutant mouse created with 
a mutation in a gene known to cause schizophrenia. 
However, several mutant lines have been tested that 
are models of human genetic diseases that either have 
been shown to have abnormal PPI, or disorders that 
have aspects of the schizophrenic symptomatology, 

Huntington's disease Swerdlow et al^ demonstrated 
that individuals with Huntington's disease display 
reduced sensorimotor gating as measured by PPL Htmt- 
ington*s disease is a progressive neurodegenerative dis- 
order caused by a CAG repeat expansion in the coding 
region of the huntingtin gene, HD. It has been specu- 
lated that the impaired PPI response in Huntington's 
disease patients reflects abnormal gating of rapidly 
incoming signals. Several transgenic mouse lines have 
been created that contain different types of genetic 
mutations in an attempt to generate a mouse model of 
Huntington's disease. One of these transgenic mouse 
lines, known as R6/2, contiiins exon 1 of the human 
HD gene carrying 141-157 CAG repeats.^^ These mice 
display abnormal motor skills and become progress- 
ively more hypoactive with aging. The R6/2 transgenics 
line was also found to have significantly lower levels 
of PPI than the control mice.^^ Interestingly, deficits in 
PPI were observed earlier in the lifetime of these mice 
than were most other phenotypic differences. These 
findings support the hypothesis that mutations similar 
to those seen in humans with HD can lead to abnormal 
sensorimotor gating. 

DiGeorge/Velocardiofocial syndrome DiGeorge 

syndrome/ Velocardiofacial syndrome is the most com- 
mon form of a disease caused by chromosomal 
deletion. Individuals with DiGeorge syndrome have a 
heterozygous deletion of chromosome 22qri.2. 
DiGeorge syndrome is characterized by craniofacial 
abnormalities, cardiac dysfunction, and mental retar- 
dation. Interestingly, many individuals with DiGeorge 
display psychotic symptoms reminiscent of the psy- 
chosis seen in patients with schizophrenia.^^*'^ 
Although patients with DiGeorge are not schizo- 
phrenic, the fact that they display psychotic episodes 
is quite intriguing and may suggest tliat there is a gene 
or genes in the chromosomal region deleted in 
DiGeorge patients that might lead to increased suscep- 
tibility to schizophrenia. There are several lines of 
mice with mutations in a syntenic region on mouse 
chromosome 16 that have been used to determine if 
different genes in this critical regicm contribute to the 
pathology that underlies this s^mdrome. 

Single gene m utations in DiGeorge syntenic region To 
date there have been two reports that studied 
behavioral responses, including PPI, of mice with sin- 
gle gene mutations in the region of chromosome 16 that 
is syntenic to the human 22qll. Although indi\riduals 
with DiGeorge syndrome have heterozygous deletions, 
information from such single gene mutations could be 
informative. Female, but not male, mice deficient in 



catechol-O-methyltjansferase (COMT) have altered 
exploratory activity in a light-dark test of anxiety- 
related responses. In contrast, male COMT-deficient 
mice display aggressive behaviors.®^ However, neither 
male nor female COMT-deficient mice display abnor- 
mal PPI,^* suggesting that this gene does not regulate 
sensorimotor gating and may not contribute to the 
'schizophrenia-like* response of individuals with 
DiGeorge syndrome. 

The Pro/Re hyperprolinaemic mouse strain has a 
mutation in the gene that codes for praline dehydro- 
genase (Prodh). Prodh homozygous mutant mice have 
increased levels of brain proline. Interestingly, North- 
ern analyses revealed an intact message of Prodh in 
brains of Prodh mutant mice indicating that the Prodh 
protein is produced with impaired activity (see Gogos 
et a/, 1999).°^ While many behavioral responses of the 
Prodh mutant mice are normal, PPI is impaired,^^ sug- 
gesting that mutations in the Prodh gene can lead to 
impaired sensorimotor gating. Although it is not obvi- 
ous why these Prodh homozygous mutant mice have 
normal levels of Prodh message yet deficiencies in pro- 
line dehydrogenase activity, the findings indicate that 
perhaps some of the *schizophrenia-like' responses 
observed in DiGeorge syndrome may be related to 
abnormalities in Prodh gene function. 

Heterozygous deletions in DiGeorge syntenic 
region To develop a better model for DiGeorge syn- 
drome, investigators have created mutant lines of mice 
that have chromosomal deletions in the mouse syn- 
tenic region for DiGeorge syndrome. Kimber et 
ai^^generated mice with a iieterozygous deletion of 
approximately 150 kb using gene targeting. The 
behavioral responses of these 150 kb deletion mice 
were evaluated on a test battery that included PPI. The 
PPI response of the 150 kb deletion mice was abnor- 
mal, but somewhat surprisingly the deletion mice had 
an increased PPI response.*^ The PPI results from the 
150 kb deletion mice indicate that a gene, or genes, in 
this region contribute to PPI, but in an opposite direc- 
tion from what might have been predicted o priori. 

Mice with a larger 1.1 mB heterozygous deletion in 
the DiGeorge critical region have also been generated 
(JJflU mutant) using chromosomal engineering.**^ Pay- 
lor et al^^ have just completed a characterization of sev- 
eral behavioral responses, including PPT, of the Dfl/+ 
mutant mice and found that the mutant mice have 
impaired PPI. Compared to the wild-type littermates, 
D/7/+ mutant mice had significantly lower levels of 
PPI, especially at the low prepulse sound levels. These 
findings suggest that a gene or genes in the Dfl region 
contribute to normal sensorimotor gating and indicate 
that the mutant mice may be usefiil as an animal 
model for some of the behavioral abnormalities asso- 
ciated writh DiGeorge, including their schizophrenia- 
like behaviors. 

It is important to note that actual hearing levels have 
not been assessed in the DiGeorge mouse models using 
auditory brainstem recording, so it may be possible 
some of the impairments may be related to differences 
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in hearing. We^^' do not believe that this is a cause for 
the impairment, but future investigations v^ll be per- 
formed to directly assess hearing in the Dfl/+ mice. 
Thus, when performing studies of PPI, it is important 
to be cautious of the fact that differences in PPI levels 
can be related to alterations in hearing. 

Mouse models of mental retardation 
There are numerous mouse models for different forms 
of mental retardation tbat are caused by genetic abnor- 
malities. Recent findings using mouse models for frag- 
ile X syndrome indicate that altered sensorimotor gat- 
ing is present in these types of mouse genetic models.®^ 
The findings from the fragile X mutant mouse suggest 
that studying PPI responses in individuals with differ- 
ent forms of mental retardation may provide insight 
into altered sensorimotor gating function associated 
with these types of disorders. 

Fragile X syndrome Fragile X syndrome (FXS) is the 
most common form of inherited mental retardation^-^^ 
FXS is caused by an expanded CGG trinucleotide 
repeat of the FMRl gene.^^*^^ The expanded repeat 
results in abnormal methylation aud loss of gene 
expression which leads to the disease. Mental retar- 
dation and developmental delay are the most signifi- 
cant chnical features of FXS. However, individuals 
with FXS have several other prominent behavioral 
abnormalities including hyperactivity, increased anxi- 
ety, motor difficulties, and autistic-like behaviors.^ 
Fmrl knockout mice have been made using standard 
homologous recombination procedures.®^ The Fnurl 
mutant mice display several behavioral abnormalities 
including increased activity and alterations on tests 
of anxiety. ^^'^^ 

Recently, Miller et aP'^ reported that individuals 
with FXS have increased sensitivity to sensory stimuli 
using a galvanic skin response test. Although the 
present review has primarily focused on the use of PPI 
to assess sensorimotor gating as it relates to neurops}'- 
chiatric abnormalities, PPI may also be a good assay 
for general sensory responsiveness in mutant mice. 
Although there is only one publication at tlie time of 
this review, several groups have shown that Fmrl 
knockout mice have abnormal PPL Chen and Toth^** 
recently showed that Fmrl knockout mice have sig- 
nificantly higher levels of PPI compared to wild-type 
mice. Although it is unclear from the paper by Chen 
and Toth if the wild-type controls were littermates, it 
may not matter for this mutation because others have 
found that Fmrl knockout mice have higher levels of 
PPI. In fact, we have just found the Fmrl knockout 
mice have increased PPI, while mice harboring a 
human YAC of the Fmrl gene have impaired PPI 
(Mclwain and Faylor, unpublished observations). 
These findings suggest that the Fmxl protein plays a 
role in regulating sensorimotor fii notion and may 
underlie the increased sensitivity to sensory stimu- 
lation that is found in individuals with FXS. Future 
studies of the PPI response in individuals with FXS 
are forthcoming. 



New candidate genes 

Studying the behavioral responses of mutant mice has 
proved to be a useful way to identify roles for different 
genes in various behavioral responses that were pre- 
viously unknown. This section describes several 
mutant lines of mice that show abnormal PPI 
responses, but in the absence of any a prion hypoth- 
esis. 

Dishevelled 1 The wingless/Wnt pathway, first 
described in Drosophila, is a highly conserved devel- 
opment pathway.®^ Dishevelled is a member of the 
pathway and is required for wingless signaling. There 
are three closely related Dishevelled (Dvl) genes in 
mouse. To better understand the role of Dvl in the 
mammalian system, a mouse deficient in Dvll was cre- 
ated using homologous recombination knockout tech- 
niques.^^ Dvll -deficient mice are healthy and develop 
normally. Many behavioral responses of the Dvll- 
deficient mice are also normal. Unexpectedly, we 
found that Dvll KO mice had significantly lower levels 
of PPI and altered social interactions.®^ The PPI impair- 
ment was observed in two independent cohorts of mice 
and was present when using either an acoustic or tac- 
tile startle stimulus. These findings suggest that the 
Dvll gene plays a role ia sensorimotor gating and 
social behavior, and demonstrate how behavioral stud- 
ies with mutant mice can provide insight into possible 
gene function. In addition, the findings wath the Dvll 
mutant mice suggest that Dvl genes and other members 
of the Wnt .signaling pathway may be candidates for 
future investigations to determine if there are abnor- 
mahties in humans with neuropsychiatric disorders. 

Pharmacology of PPI in mice 

The behavioral pharmacology of PPI using mice is not 
nearly as extensive as that with rats. Geyer et oP pro- 
vide a comprehensive review of the pharmacology of 
PPI in rats, including the specific drug actions for most 
of the agents listed in this reviev^^. Therefore, with 
exceptions for those agents that have not been tested 
in rat^, description of drug actions are not duplicated 
in this review for stmplicily and brevity. Table 1 hsts 
the findings from the studies published to date that 
describe the effects of different classes of compounds 
on PPI in mice. When available, the effects of tiie drugs 
on the baseline startle are also provided. Although 
many of these drug effects on PPI have been found to 
be dose-dependent, doses axe not included to simplify 
the table. The reader interested in the exact doses 
should refer to the original publication. Finally, results 
discussed below are not always iinmediately followed 
by a citation because all the citations are provided in 
the table. 

There are several interesting features of the pharaia- 
cological findings on PPI in mice. First, most of the 
pharmacological effects on PPI in mice are similar to 
those found in rat^. For both mice and rats, some of 
the drugs that affect dopaminergic, serotonergic, and 
glutamate}*gic receptor systems alter PPI similarly (see 
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Table 1 Mouse PPI pharmacology 



Drug 


Transmitter 


Mechanism of 

A r'fiti n 


Strain 


PPI effect 


ASE effect 


References 


Aponiorphine 


Dopamine 


D1/D2 receptor 


C57BL/6N 


no effect 


no effect 


100 






agonist 
















129T2/SvEmsJ 


impaired 


no effect 










CD-I 


impaired 


no effect 


104 








ddY mice 


impaired 


no effect 


105 








CD-I 


no effect 


no effect 


106 








CFVV 


impaired 


reduced 










C57BL/6 


impaixed 


reduced 










l29Xl/SvJ 


no effect 


no effect 










A/J 


no effect 


no effect 




d-Amphetamine 


Dopamine 


indirect agonist 


C57BL/6N 


trend to impair 


reduced 


lOO 








CD-I 


impaixed 


no effect 


104 








WT [B6J N5] 


impaired 


reduced 


32 








D2 -1- 


no efffect 


reduced 










WT (B6jxl29Svn 


impaired 


reduced 










D3 


impaired 


reduced 










D4 -1- 


impaired 


reduced 










C57BL/6J 


impaired 


reduced 


107 








129S6 


impaired 


reduced 










129X1 


impaired 


no effect 










CD-I 


no efffect 


no effect 


106 








CFVV 


impaiTed 


reduced 










C57BL/6 


impaired 


no effect 










129Xl/SvJ 


impaired 


no effect 










A/J 


no efffect 


no effect 




Clozapine 


Dopamine/ 


Dl-4/ 5-HT2/ 


C57BL/6J 


increased 


no effect - 


100 




Mixed 


al/Ml-M4 












antagonist 
















DBA/2J 


increased 


no effect 










CD-I 


no effect 


no effect 


104 








C57BL/6J 


increased 


reduced 


54 








129S6/SvEvTac 


increased 


reduced 










DBA/2 


increased 


reduced 










C57BL/6J 


increased 


reduced 


109 








BALB/cJ 


increased 


reduced 










MORO 


increased 


reduced 










129/SvEvTac 


no effect 


reduced 




Haloperidol 


Dopamine 


DA antagonist 


C57BL/6J 


increased 


increased 


lOfi 








DBA/2J 


increased 


no effect 










CD-I 


no effect 


no effect 


104 








C57BL/6J 


increased 


reduced 


100 








BALB/cJ 


increased 


reduced 










MORO 


increased 


reduced 










129/SvEvTac 


increased 


reduced 




Ilaloperidol + 




DA antagonist + 


CD-I 


reduced apo 


no effect 


104 


Apoinorphine 




DA agonist 




effect 












ddY mice 


reduced apo 


no effect 


105 










effect 






l+j-3-PrP 


Dopamine 


D2 agonist & 


CD-I 


trend to increase 


no effect 


104 






sigma ligand 










Raclopride 


Dopamine 


D2 antagonist 


C57BL/6J 


increased 


increased 


ion 








DBA/2J 


increased 


no effect 










WT (C57BL/6] 


no effect 


no effect 


»z 








DAT +/~ 


increased 


no effect 










DAT -1- 


increased 


no effect 




SCH23390 


Dopamine 


Dl antagonist 


WT 


no effect 


no effect 


32 








DAT +/- 


no effect 


no effect 










DAT -/- 


no effect 


no effect 
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Table 1 Conliimed 



Dnig Transmitter Mechanism of Strain PPI effect ASB effect References 

system Action 



jrvloUcllUUllc: UULIdllUllc/ 


no ^-fTT2A 


KjD/ DJj/DJ 


ITIfTPaCPI'l 
lilLil c:dlSt;l,l 


Till piTpfl' 


1(M 


SprnfrniiTi 

C7 \JK\JMXiM.X 


















iilLi BclactJ. 


T'cir 111 fofi 










Tin o if o c t" 


IIU lyJIt'Ul 


54 








1 ¥ 1 fTj- o *-i c o ri 
lilL.i tJcibtllJ 


JltJ tJlltJul 








DBA/2 


increased 


Tin pffprt 








r»i7RT /fit 




rpHii fpH 


10» 






RAT Vk/nJ 


lilUTccidcU 


reoucoQ 










iTiprPSKipri 


lOllLlLiULI. 










iTirrPSKiPfi 


rpdiippH 

XtJUllUKU. 




RTT2ilQRQ SprntnniTi 


A/lR 


WT 


Tin O'FFor't" 


TO rill £*i>n 


25 




flcrrtTi'iQf 

oil 1.' 1 MJL n L 


f 1 2QT2/SvF.m sB 












o-ri 1 ID rsXj 


no eitoct 


reclucea 








fpTn»1o 1RWT 


lllJ.^ltlUI'U 


xiu t;j.it:ui 








fo-milo I'R'R^M 

leniaje loivv./ 


no effect 


no effect 








IJIuLIj J.JLJ VV J. 




TPrin r<f>r\ 

1 t.lJ U.ljliU 








ItJillal e .1 1> jvl^J 


no effect 


reduced 








WT 
VV J 


impaired 






















o-rt 1 111 ivij 


no eitect 












impaijed 


no eTiect 


101 






1.^77 i. All \J VXiIllaJ 


iTvi'nmi'ori 
llIlUilJ.XI'U 


XtllXlltiKU 










impaired 


increased 








WT 


1 TriTtm mf\ 
llULIclll I'll 


1.1 1 J UllCil'l. 


Z7 


















ij-ri 1 ID PkXJ 


no eriect 


no enect 










Llll LJilAll'U 


IIIJ l'Xlt:(jl 




ft-TlT-T-nPAT QprnfnTiiTi 
O'^/ll'^Ur iX.l OBrULtlJllll 


l^-T-TTl A ifrrk-niol- 
Li-Iil J./\ clgUIllSL 


WT 
VV 1 


increased 


reduced 


25 






f 1 'JOT'J/CTTTi'moTA 

ti-^H J. -6/ ovjjiTnsj J 












o-ri J iu JV.VJ 


increaseci 


reduced 








iclliri.lt' JLW Vv ] 


increased 


reduced 










increased 


no effect 








IlLcll(> 113 VV J. 


increased 


reduced 










increased 


increased 










increased 




20 








IXXi tJlUJl^l 


inn tii+oot" 


101 








increased 


no effect 










increased 


no effect 








WT 
VV J 


increased 


reduced 


27 






n^jy 1 2/bvhmsjJ 












5-PITlB KO 


increased 


no effect 








5-HTlAKO 


no effect 


no effect 




PlpsiTinvAn Sprntniiin 


"i-T-TTl A flanniQf 

«.r XJLl J, /I CtKtiA.ll7>L 


1 2 QT 2 / ^ivFin iX 


1 T> r>TP £1 c o rl 
LI ll.l cad c 11 


IILI tSJlUUL 


27 


WAY inOR'^S ^sprntnnin 




1 2 QT2 / ^rP-m cT 


no effect 




29 




antagonist 










WAY 100,636+ Serotonin 


5-HTlA 


129T2/SvEnisJ 


blocked 




29 


8-OI-IDPAT 


antagonist + 




8-OIfDPAT 








5-HTlA agonist 










Buspirone Serotonin 


5-HTlA partial 


C57BL/6J 


no effect 


reduced 


lOO 




agonist 










GR 127935 + Serotonin 


5-?tTlB/lD 


129T2/SvEmsJ 


increased 


no effect 


2B 


MDMA 


antagonist + ^-IIT 












releaser 










Anpirtolino Serotonin 


5-WTlB agonist 


129T2/SvEmsJ 


impaired 


no effect 


27 






WT 


impaired 


no effect 








tl29T2/SvEmsJ) 












5-HTlB KO 


no effect 


no effect 
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Table 1 Continued 





1 rUll!»lIl llltil 

system 


iVUAAl\.u 111*111 Uj 

Action 


• 


ppr nffnrf 




Refcren cbs 


DOM 


Serotonin 


5-HT2A/2C 


C57BL/6J 


no effect 


no effect 


101 






agonist 
















129T2/SvEmsJ 


no effect 


no effect 










ICR (CD-I) 


no effect 


no effect 




MDMA 


Serotonin 


5-HT releaser 


C57BL/6J 


impaired 


no effect 


101 








129T2/SvEmsJ 


impaired 


reduced 










ICR (CD-I) 


impaired 


no effect 










a29P3/J 


impaired 


reduced 


lOO 








129T2/SvEmsJ 


no effect 




2fl 








WT 


no effect 












5-HTlB KO 


increased 












WT (129 Sv) 


no effect 


no effect 


27 








5-HT-lB KO 


increased 


reduced 




MBDB 


Serotonin 


5-HT releaser 


129T2/SvEmsJ 


no effect 




2» 








WT 


no effect 












54IT1B KO 


increased 












WT fl29 Sv) 


no effect 


no effect 


29 








5-HT- IB KO 


no effect 


reduced 




a-Ethyl- 


Serotonin 


5-tlT releaser ' 


129T2/SvEmsJ 


no effect 




2fi 


tryptamine (AET) 




















WT 


no effect 












5-HTlB KO 


increased 






Phencyclidine 


Glutamate 


non-conipotitive 


C57BL/6N 


impaixed 


no effect 


100 






NMD A antagonist 
















CD-I 


impaired 


increased 


104 








NMRI 


impaixed 


no effect 


110 


I-NAM + 


NO + Glutamate 


NO synthase 


NMR! 


blocked PCP 


no effect 


110 


Phencyclidine 




inhibitor + 




effect 










NMD A antagonist 










Dizocilpine 


Glutamate 


non-competitive 


CD-I 


impaixed 


increased 


104 






NMDA antagonist 
















CD-I 


impaired 


no effect 


lOB 








CFW 


impaired 


no effect 










C57BL/6 


impaixed 


no effect 










129Xl/SvJ 


impaired 


no effect 










A/J 


no efffect 


no effect 




Haloperidol + 


DA + Glutamate 


DA antiigooist + 


CD-I 


impaixed 


increased 


104 


Dlzocilpine 




NMDA antagonist 








104 


Clozapine + 


DA + Glutamate 


Monoamine 


CD-I 


impaixed 


increased 


Dizocilpinc 




antagonist + 














NMDA antagonist 










CGS 19755 


Glutamate 


competitive 


ddY mice 


impaired 


no effect 


lOS 






NMDA antagonist 










Haloporido) + 


DA + Glutamate 


DA antagonist + 


ddY mice 


impaixed 


no effect 


105 


CGS 19755 




NMDA antagonist 








105 


R-CPP (but not 


Glutamate 


competitive 


ddY mice 


impaixed 


no effect 


SCPP) 




NMDA antagonist 










AR-R17779 


Acetylcholine 


alpha 7 nAChR 


DBA/2 


no effect 


no effect 


54 






agonist 








54 


GTS-21 




alpha 7 nAChR 


DBA/2 


no effect 


increased 






agonist 








100 


Scopolamine 


Acetylcholine 


Muscarinic 


C57BL/6J 


no effect 


no effect 






antagonist 
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Table 1 Continued 



Drug 


Twnsmitter 
system 


Mechanism of 
Action 


Strain 


PPJ effect 


ASB effect 


References 


Ivermectin 


GABA 


stimulates release 


C57BL/6J 


iirip aired 


increased 


111 






of GABA 
















AKR/J 


impaired 


no effect 


100 


Diazepam 


GABA 


GABA agonist 


C57BL/6J 


increased 


reduced 






BALB/cJ 


impaired 


reduced 










MORO 


no effect 


no effect 










129/SvEvTac 


no effect 


reduced 




Murine 


Interloukin 




Balb/cl 


no effect 




112 


recombinant 11^-2 














Morphine 


Opioid 


Opiate agonist 


C57BL/6J 


no effect 


no effect 


109 


CloTgyline 


Monaminergic 


MAO A inhibitor 


C3II 


impaired 


no effect 


113 


Atipamczole 


Adrenergic 


alpha 2 


alpha 2C 


normalized 




114 






cintagonist 


overexpress 






114 


Dexmedetomidine 


Adrenergic 


alpha 2 agonist 


alpha 2C OE 


normalized 




I-NAME 


Nitric Oxide 


NO synthase 


NMRI 


no effect 


no effect 


110 






inhibitor 











Table 1).^ For example, agents such as the direct dopa- 
mine agonist apomorfihine, the indirect dopamine 
agonist amphetamine, and the NMD A antagonist PGP 
impair PPI in both rats and mice,*°° Nevertheless, there 
are notable exceptions. For excmaple, 5-HT2 agonists, 
such as DOM do not appear to affect PPI in either 
inbred or outbred mouse strains,^^^ although several 
investigators have shown that such drugs consistently 
disrupt PPI in rats. More strikingly, the 5-HTlA agon- 
ists, 8-OH-DPAT and flesinoxan, clearly impair PPI in 
rats,® but increase PPI in mice. As in rats, the effects 
of the 5-HTl A agonists are appropriately prevented by 
pretreatment with selective 5-HTl A antagonists such 
as WAY-100635. Furthermore, the PPt-in creasing 
effects of 8-OH-DPAT are absent in knockout mice 
lacking 5-HTlA receptors,^^ Thus, although the effects 
of 5-HTl A agonists on PPI are diametrically opposite 
in mice vs rats, the effects in both species appear to be 
receptor- specific. 

These species-specific differences in 5-HTl A effects 
on PPI may also explain the disparity observed in the 
effects of serotonin releasers on PPI in mice vs rats. 
Although a variety of serotonin releasers, such as 
MDMA, reliably disrupt PPI in rats,^ the same drugs 
have minimal and inconsistent PPl-disruptive effects 
in mice (Table 1). In 5-HTlB knockout mice, however, 
serotonin releasers increase PPI, presumably because 
the released serotonin acts upon 5-HTl A receptors. In 
the absence of 5-HTlB receptors, where serotonin acts 
to reduce PPI,^^ the influence of 5-HTl A receptor acti- 
vation predominates. A similar explanation may be rel- 
evant to the observation that the serotonin releaser 
MDMA increases PPI in humans despite decreasing PPI 
in rat^.^**^ In both species, it has been demonstrated that 
these op>posite effects of MDMA on PPI are specifically 
attributable to the serotonin-releasing action of MDMA. 
Thus, it has been .speculated that humans may be more 



similar to mice than to rats with regards to the influ- 
ences of 5-HTl A receptors on PPL^°^ 

Second, the effects of the various drugs appear to be 
strain-dependent. Several of the studies listed in Table 
1 evaluated the effects of particular dnigs in more than 
one strain of mouse. Although there is no study pub- 
lished tc) date that has used a panel of a large number 
of inbred strains to fully characterize the role of genetic 
background differences on the effect of any one com- 
pound, the data published to date confii in that genetic 
background can be important in the effects of drugs on 
PPI in mice, as in rats. For example, Dulawa and 
Geyer'^' showed that 8-OH-DPAT increased PPI in the 
inbred 129T2/SvEmsJ strain and the outbred ICR 
strain, but had no effect in the C57BL/6 inbred strain. 
Similarly, Olivier et oP^ suggest that the DBA/2 strain 
may be more sensitive to antipsychotic drugs than 
other inbred strains such as the C57BL/6. The field of 
pharmacogenetics has shown for many years that the 
effects of drugs depend on genetic background, and 
although not many sti'ains are typically utilized, this 
general principle will certainly apply for identifying 
and understanding the effects of drugs on PPI. 

Another interesting aspect of the mouse PPI pharma- 
cology data is that drugs can readily increase PPI, even 
in the absence of other agents. In general, drugs that 
increase PPI in rats are most readily detected when 
they are used in combination with another manipu- 
Lition that is known to impair PPL For example, 
although there are data indicating that clozapine can 
increase PPI in rats when administered alone, most of 
the positive effects for clozapine in rats are obtained 
when it is administered to rats in which PPI has been 
impaired.® In contrast, it is clear that in several strains 
of mice, clozapine by itself can increase PPL Although 
it is not clear why rats and mice differ with respect to 
some effects of different drugs, the mouse models may 
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be more useful compared to rats for detecting PPI- 
increasing effects of different drugs. Altiiough most of 
the pharmacological studies published using mice 
have primarily evaluated the effects of certain com- 
pounds in isolation, there are several reports that have 
tested the ability of one compound to block or attenu- 
ate the ability of a second drug to impair PPI. For 
example, Curzon and Decker^^^ and Furuya et al^^^ 
show^ed that haloperidol could attenuate or reverse the 
PPI impairment produced by treatment with apo- 
morphine. Tliese findings are similar to those seen in 
rats. 

A fourth aspect of the findings, which is consistent 
with what has been shown in rats, is that the effects of 
drugs on PPI appear to be dissociable from their effects 
on baseline startle. As shown in Table 1, the increases 
in PPI produced by antipsychotic drugs are typically 
associated with decreases in startle reactivity. Never- 
theless, amphetamine also typically decreases startle 
magnitudes in mice, but this effect is associated with 
impairments of PPI. In contrast, both the non-competi- 
tive NMDA antagonist PCP, and ivermectin, which 
stimulates release of GABA, increase the baseline 
startle and reduce PPL Although one should always be 
cognizant of the possible confounding effects of a drug 
on PPI by its effects on startle, such dissociations indi- 
cate that there is no consistent relationship between 
the actions of dnigs on startle and PPI. 

A final aspect of the data presented in Table 1 is that 
several gene-targeted mutant mice have helped to 
identify and elucidate the actions of various drugs on 
PPI. The best example may be tlie effects of the 5- 
HTIA/IB agonist RU24969 and the 5HT-1A agonist on 
PPI. The findings shown in Table 1 indicate that 
RU24969 impairs PPI while 8-OH-DPAT increases PPI 
in different strains of mice. These findings suggest dif- 
ferent roles for 5-HTlA and 5-HTlB receptors in reg- 
ulating sensorimotor gating. Studies combining mutant 
mice and behavioral pharmacology demonstrate that 5- 
HTIB receptor activation reduces PPI, while 5-HTlA 
activation increases PPI. In these studies, PPI was 
impaired following the administration of RU24969 to 
wild-type mice or 5-HTl A receptor-deficient mice, but 
not 5-HTlB-deficient mice. In contrast, 8-OH-DPAT 
increased PPI in wild4ype and 5-HTlB, but not in 5- 
HT-IA, mutant mice. Such data clearly demonstrate 
that the combined use of genetic and pharmacological 
tools in mice should provide important insights into 
the neurobiological basis of sensorimotor gating. 

Conclusions 

The Tise of mice in studies of sensorimotor gating will 
continue to grow, especially studies directed at under- 
standing the role of genes in regulating PPL Although 
there are ongoing efforts to use mice to identify 
chromosomal regions critical for the regulation of sen- 
sorimotor gating, it is likely that most information 
about the genetic basis for sensorimotor gating will 
come from studies iising mutant mice. Findings from 
studies over the past 5 years show the utility of using 



mutant mice to study the biological basis of sensori- 
motor gating. Mutant mice have been used as tools to 
test specific hypotheses about the role of particular 
neurotransmitter systems in sensorimotor gating, and 
to better define and understand the pharmacology of 
PPI. In addition, mutant mice that have developmental 
abnormalities of the hippocampal formation yet nor- 
mal levels of PPI suggest that the hj^otheses for a role 
of abnormal hippocampal development resulting in 
poor sensorimotor gating may need to be re-evaluated. 
Screening the PPI response of mice with gene-targeted 
mutations could identify new target systems that regu- 
late sensorimotor gating. Finally, genetic mutations in 
particular human diseases that lead to abnomial sen- 
sorimotor gating, as may be the case for Himtington's 
disease, or that lead to psychotic or psychotic-like 
symptoms, as in the case of DiGeorge syndrome, can 
be modeled with gene targeting and chromosomal 
engineering Although there are limitations to the KO 
strategy including developmental considerations, poss- 
ible confines related to background strain, and possible 
influences of flanking I'egions around mutant genes, 
gene targeted mutant mice are providing important 
insights into the genetic and cellular basis for sen.sori~ 
motor gating. 

The future looks bright for the use of mice in studies 
of PPI. Evaluating the PPI response in mice derived 
from large-scale mutagenesis projects using chemical 
mutagens such as ENU, or from high-throughput gene- 
targeting projects, v^ll provide the research com- 
munity with more tools to better understand the neuro- 
biology of PPI and the pathology of diseases that lead 
to impaired sensorimotor gating. 
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